PEDOT: PSS (Poly (3, 4-ethylenedioxythiophene)): (Polystyrene sulfonate) is being widely explored as a buffer layer or charge collecting electrode in many optoelectronic devices. Good out-of-plane electrical conductivity of PEDOT: PSS is prime importance for application in optoelectronic devices such as organic solar cells and light emitting diodes. Enhanced out-of-plane electrical conductivity results in improved device performance. In this article we show an order of magnitude enhancement in out-of-plane electrical conductivity of PEDOT: PSS achieved through electric field treatment of PEDOT: PSS thin films kept at elevated temperature. This change in electrical behavior is due to conformational changes caused by interaction of applied electric field with electrical dipoles associated with the PEDOT: PSS chains. Upon adding DMSO in the PEDOT: PSS solution films show different behavior than when it was not added. Raman and absorption studies confirm the morphological variations induced due to applied electric field.
Introduction
The emerging technologies of flexible and low cost optoelectronics devices such as Organic Light emitting diodes and organic photovoltaic have increased the demand of conductive polymers for its use as conductive electrode. PEDOT: PSS (Poly (3, 4-ethylenedioxythiophene) :( Polystyrene sulfonate)) is one of the such organic polymer that have attracted a great interest, as it possesses beneficial properties such as transparency to visible light, solution processing ability, high strength, flexibility and excellent thermal and mechanical stability (Lin& Su, 2012; Huang et.al., 2011; Chin et.al, 2010) The thin films of PEDOT: PSS have been used in many organic optoelectronics devices Mrunal Mahajan, Sanjay Ghosh, and Jaydeep Sali / American Journal of Material Science and Technology (2015) Vol. 4 No. 1 pp. 47-57 48 as an electrode or a buffer layer or as an interfacial layer. It also reduces the chances of shorts creation in the devices by smoothening the rough surface of Indium tin oxide (Ouyang et.al, 2005) . Since, the PEDOT: PSS layers are sandwiched between the Indium tin oxide electrodes and the active organic layers organic, it also protects the active layers from ingress of indium or oxygen, leading to longer device life time (Chen et.al, 2011) . In spite of all the attractive properties of PEDOT: PSS, its use as a transparent conducting electrode in devices that require higher electrical conductivity (lower sheet resistance) is still restricted. In typical state of the art organic solar cells and light emitting diodes, the main role of PEDOT: PSS is to transport charge in the out-of-plane direction (Van de Ruit et.al, 2013) . Therefore, enhancement in out-of-plane conductivity can result in improved device performance. The conductivity of PEDOT: PSS films prepared from commercially available aqueous solution are relatively low (H.C. Starck). Lower out-of-plane and inplane conductivity in organic photovoltaic devices does reduce the fill factor of devices that leads to poor efficiency of the devices. PEDOT: PSS have been used as an electrode to fabricate ITO free OSC's. However, power conversion efficiencies remained low compared with current state of art organic solar cells (Na et.al, 2008) . It would be very convenient to use PEDOT: PSS as a polymer electrode, if its electrical conductivity could be increased (Zang et.al, 2002; Argun et al, 2003) .
PEDOT: PSS is composed of PEDOT which is hydrophobic and conductive and PSS which is hydrophilic and insulating (Kirchmeyer & Reuter, 2005) . It has been investigated that morphological changes or phase segregation in the PEDOT: PSS film could lead to enhancement in conductivity (Dimitriev et.al, 2009 ). Significant efforts have been made to enhance the conductivity of PEDOT: PSS through optimization of their structural and molecular order by different physical and chemical treatments (Huang et. al., 2003; Keawprajak et.al, 2013; Xia et.al, 2010) . It has been shown that the molecular arrangement and thus, electrical properties of polar organic material could be changed under the influence of electric field (Shen et.al, 2012; Park & Kim, 2008) . In this paper, we show that the out-of-plane electrical conductivity of the PEDOT:PSS thin films can be improved by upto an order of magnitude using electric field treatment of the thin films kept at elevated temperature.
Material and Methods

2.1PEDOT: PSS Thin Film
PEDOT is an insoluble polymer, but the use of water soluble polyelectrolyte poly (styrene sulfonic acid) (PSS) as the charge balancing counter ion has made it possible to yield a PEDOT: PSS aqueous composite. Thus, PEDOT: PSS can be dispersed in water and its film can be readily prepared using a conventional solution processing such as spin coating, inkjet printing or spray coating. Spray coating is applicable for roll to roll fabrication of the devices and allows control over thickness, low consumption of raw material and large area deposition (Steirer et.al, 2009 
Electric Field Treatment
The electrical properties such as conductivity of conjugated polymer thin film can be strongly interlinked with morphology and structure of constituent organic material. It has been studied that the variation in different factors such as fraction of PSS, the fraction of solid content, the particle size and viscosity lead to a wide range of changes in morphological and electronic characteristics in dried film of PEDOT: PSS (Sangeeth et.al, 2009 ). On this basis, different methods and treatments have been adapted for enhancing the conductivity of the PEDOT: PSS thin film. These methods induce morphological changes in the films resulting in enhanced conductivity of the films. These includes heat treatments such as rapid thermal annealing, annealing for long period, U-V irradiation, Plasma treatments and doping with nanoparticles. Much work has been reported on addition of polar solvents such as dimethyl sulfoxide (DMSO), N, N, dimethyl formamide (DMF) or tetrahydrofuran (THF) to increase the conductivity of PEDOT: PSS thin films (Xia et.al, 2010) . Almost all these reports talk mostly about the changes in in-plane conductivity of the PEDOT: PSS thin films. There are no reports purely on enhancement in out-of-plane conductivity of the PEDOT: PSS thin films. Nardes et al. have shown that the anisotropic nature of conductivities of PEDOT: PSS films could be highly correlated with its morphology (Nardes et.al, 2007) . The molecular arrangement of polymeric material may be changed when they are under the influence of electric field, as application of electric field may interact with the dipole moments associated with the polymer chains. Application of external electric field has been used as treatment, either after or during film formation process for ordering the arrangement of conjugated polymers in Organic Light Emitting Diodes and Organic Solar Cells to improve the performance of devices (Sevim & Mutlu , 2009 ). Chaturvedi et al. have shown that the deposition of PEDOT: PSS film by spray process under the effect of electric field results in smoother film morphology, increase in conductivity and reduction in the sheet resistance (Chaturvedi et.al, 2013) . Fu-Ching Tang et al have reported on alignment of PEDOT polymer chains by the electric field in ultraviolet irradiation (Liam et.al, 2008) . In this work, after formation of thin films of PEDOT:PSS, we applied the electric field in a direction, perpendicular to the plane of the sprayed PEDOT: PSS thin films kept at elevated temperature, for different time intervals, and investigated its influence on the electrical, structural and optical properties of the thin films.
Experimental
The thin films of PEDOT: PSS were formed using Ultrasonic spray method. The substrates were cleaned using Labolene followed by ultrasonication with distill water, acetone and isopropanol for 10 minutes. The thin films of PEDOT: PSS were formed using Ultrasonic spray method. The substrates were cleaned using Labolene followed by ultrasonication with distill water, acetone and isopropanol for 10 minutes. Highly diluted aqueous solution of PEDOT: PSS (Clevios P VP AL 4083) with proportion (25%PEDOT: PSS +75% water) was prepared. The other solution was prepared by addition of 5 wt% of DMSO (Dimethyl sulfoxide) in (25%PEDOT: PSS +75% water) with stirring for overnight. After overnight stirring, both solutions were filtered using a 0.45 m syringe filter. The solutions were then sprayed on ITO coated Corning glass substrate to prepare thin films of PEDOT: PSS. The Ultrasonic spray Nozzle (#120-2-16-09-000-03 THD, Sonotek Corporation) was used and operated at 120 kHz. The theoretical model developed by our group has been used to fix the parameters for getting smooth and uniform thin film (Lonakar et.al 2012) . The substrate to nozzle distance was 12 cm. The solution was pumped from a valve less solution pump (Model RHV-00-SKY, Varicon Pumps & Systems Ltd.). The solution flow rate was kept at 10 ml/h while the substrate temperature was kept at 33 O C. Nitrogen with flow rate 8 lpm was used as carrier gas for controlling and shaping the spray precisely.
The films were treated with electric field of 5kV/cm, which was assisted with simultaneous heating at 120 O C for different time intervals. The experimental set up consists of small enclosure, in which hot plate of dimensions 4×4 cm 2 was placed. Hot plate was fixed with k type thermocouple and digital temperature controller. The electric field was applied in a direction perpendicular to the thin film surface. ITO was used as one of the electrode and electric field of magnitude 5kV/cm was applied by keeping stainless steel metal plate (the second electrode) just above the PEDOT: PSS film at distance of 1cm. The experimental schematic is shown in Figure 1 . The electric field treatment was assisted by elevating the film temperature to 120 O C for 1 hour, 3 hours and 6 hours time interval. The treated films were immediately removed from hot plate ensuring rapid cooling to freeze the morphological changes induced. In similar way, PEDOT: PSS films prepared with DMSO added source solution were treated. All the experimental work was done in air.
Fig. 1. Schematic of experimental set-up for electric field treatment
The conductivities of thin films were measured by two probe methods with Keithley 2611A sourcemeasure meter. The electrical measurement was done perpendicular to the plane of the PEDOT: PSS films. To measure the conductivity of the processed films coated over ITO, aluminum electrode of dimensions 2×2 mm 2 were deposited on the film and I-V measurement were performed. Resistance of the treated films was measured by measuring I-V characteristics with application of fixed bias voltage of 1.5V. The conductivity of the films was calculated using the relation (1):
(1) where,
In this equation, R= Resistance as measured from the I-V curves, A=Area of Al electrode deposited on the PEDOT: PSS thin film for conductivity measurement and t = PEDOT: PSS film thickness Film thicknesses were determined using stylus profiler (Dektak 150). Conductivities of all the films were normalized for the thickness of the films. Raman spectroscopy was used to observe the morphological changes occurred in the PEDOT: PSS chains due to electric field treatments. Raman spectrums were taken using JobinYvon Horiba LABRAM-HR spectrometer. Absorption spectra were measured by using a Shimadzu UV-1601 Spectrophotometer. It provides direct relation between enhanced conductivity and morphological variations in the films occurred due to the treatment.
Results
To investigate the effect of electric field treatment on the electrical properties of the films prepared using pristine PEDOT: PSS solution and DMSO added PEDOT: PSS solution, we studied the electrical, structural and optical properties of the thin films. Figure 2 shows the variation in the conductivities of the thin films as a function of the treatment time for simple annealing as well as electric field applied at elevated temperature. To eliminate the effect of simply annealing on the conductivities, we separately measured the conductivities for the annealed films also. As seen from Figure 2 (a), for the pristine PEDOT: PSS thin films, the annealing of the thin films shows negligible change in conductivity. As compared to the untreated films, the film annealed for 1 hour shows slight rise in conductivity. Annealing for more time i.e. for 3 hours and 6 hours, however, shows decline in the conductivity. With electric field treatment, the trend is, however, different. With this treatment, the conductivity rises with treatment time upto 3 hours and thereafter it remains constant. In case of thin films prepared with DMSO added PEDOT: PSS solution (Figure 2(b) ), the film annealed for 1 hour shows rise in conductivity as compared to the untreated films. Annealing for more time i.e. for 3 hours and 6 hours shows decline in the conductivity. The electric field treatment for these films also shows similar trend.
The Raman spectra of the Sprayed PEDOT: PSS and DMSO added PEDOT: PSS thin films are shown in Figure 3 . The following bands are related to PEDOT:PSS and are observed in the spectra: 1563 and 1532 cm -1 has been assigned to the asymmetric = stretching, 1421 cm -1 to symmetric = (− )stretching, 1365 cm -1 to − stretching, 1255 cm -1 to − inter-ring stretching. 
Discussion
Effect of annealing and electric field treatment on electrical conductivity of the thin films is shown in Figure 2 . Even for the untreated films, the rise in out-of-plane conductivity due to addition of DMSO in the source solution is not significant. The addition of DMSO induce conformational changes resulting in reduction in PSS barriers between the PEDOT cores, which leads to significant change in the in-plane-conductivity. It seems that the effect of PSS barrier along the out-of-plane direction still persists even after addition of DMSO. We, therefore, do not observe any significant Mrunal Mahajan, Sanjay Ghosh, and Jaydeep Sali / American Journal of Material Science and Technology (2015) Vol. 4 No. 1 pp. 47-57 53 change in conductivities of thin film prepared with and without DMSO. About the effect of annealing of the PEDOT: PSS thin films, it has been reported earlier that the thermal annealing improves the conductivity of PEDOT: PSS films by 1 order of magnitude, probably by increasing the number of interconnected PEDOT domains (Vitoratos et.al, 2009 ). Long term annealing, however, has shown to decrease the conductivity of the PEDOT: PSS thin films. The result has been attributed to the progressive increase of the potential barriers between the conductive grains with prolonged heat treatment (Tang et.al 2012) . This general trend is also observed in the annealed films in our case. It is observed that the conductivity of PEDOT:PSS thin films get affected by both annealing as well as electric field treatment at elevated temperature. To judge the effect of electric field treatment only, eliminating the effect of thermal annealing, we define the 'effective change in conductivity'(∆ ) defined as ∆ = − . Here, is the conductivity measured for films treated with annealing only and is the conductivity measured for films treated with electric field at high temperature. Effective change in conductivity, as a function of time, has been plotted in Figure 5 (a) for the case of pristine PEDOT: PSS thin films. It can be clearly observed that the due to electric field treatment the effective change in conductivity of the pristine PEDOT: PSS thin films rise considerably with treatment time. The applied electric field during the annealing is clearly playing a significant role. It is interesting to see that, in case PEDOT: PSS thin films prepared with DMSO added solution; there is almost no rise in effective change in electrical conductivity due to application of electric field. This is in sharp contrast to the case of thin films of pristine PEDOT: PSS.
The effect of electric field treatment on the conductivity of the films can be explained on the basis of morphological changes induced in the films. To see the morphological changes induced due to these treatments, we studied the structural changes induced in the thin films due to both thermal annealing and electric field assisted by thermal annealing, using Raman spectra.It has been shown that the relative intensity of the = stretching bands associate well with the doping level, and hence provide a valuable means for estimating the doping level of PEDOT films accurately from Raman spectra. Relative peak intensities of the peak at 1496 cm -1 and 1531 cm -1 have been used as Mrunal Mahajan, Sanjay Ghosh, and Jaydeep Sali / American Journal of Material Science and Technology (2015) Vol. 4 No. 1 pp. 47-57 54 indicative of the degree of PEDOT polymer chain doping (Farah et.al 2012) . For the analysis, we performed multi-peak fitting analysis on every spectrum and obtained the area under a particular peak. A sample spectrum is shown in Figure 6 . Integrated peak intensities for the peak at 1496 cm -1 and 1531 cm -1 have been plotted in Figure 7 . It can be seen that in case of PEDOT:PSS thin films, the application of electric field shows more changes in the integrated intensities of the Raman peaks as compared to those for annealed films without electric field. On the other hand, in case of DMSO added PEDOT: PSS thin films, the trend in integrated intensities of the Raman peaks is same. It has been reported that the addition of DMSO in the PEDOT: PSS leads to separation of PEDOT and PSS chains leading to aggregates of PEDOT and PSS (Lee et.al, 2003) . This may be reducing the effective electric dipole moments associated with the polymer chains. The electric field, therefore, may not result in expected morphological changes in the DMSO added PEDOT: PSS thin films. The effective change in conductivities of DMSO added thin films, therefore, show negligible variation as a function of electric field treatment time. Secondly, the effect of DMSO on reducing the resistive grain boundaries of the PEDOT grains may be less along the out-of-plane direction as compared to that along the in-plane direction. This inference is based on the model for morphological changes induced in the film under application of electric field as proposed by Xin Xu et al. ( Xu et.al, 2006) The structural changes induced by the electric field treatment are also reflected in the absorption spectra shown in Figure 7 .When PEDOT segments are aggregated, a high level of light scattering may result reducing the transmittance of PEDOT: PSS thin film (Chen et.al, 2009 ). On the other hand, if PEDOT segments are evenly distributed in PEDOT: PSS thin-film, the light scattering can be reduced, increasing the transmittance of the films (Yang et.al, 2012) .Here also, we assign the reduction in absorption i.e. increase in transmittance to the conformational changes caused by the electric field assisted by elevated temperature resulting in more uniform distribution of the PEDOT: PSS segment. The effect seems to be more pronounced in the pristine PEDOT: PSS thin films as compared to the DMSO added PEDOT: PSS thin films. It has been reported that the addition of DMSO to PEDOT:PSS results in enhanced conductivity due to size enhancement and higher ordering of closely packed PEDOT nanocrystals (Thomas et.al,2014) . This typical morphology in PEDOT: PSS films prepared with DMSO added solution may also be hampering easy conformational changes caused by applied electric field at elevated temperature.
Conclusions
In summary, we have shown that electric field treatment of PEDOT: PSS thin films at elevated temperature results about an order of rise in out-of-plane conductivity of PEDOT: PSS thin films. The effect is more pronounced in PEDOT: PSS thin films prepared with pristine PEDOT: PSS solution. In case of PEDOT: PSS thin films prepared with DMSO, however, the effect of electric field assisted thermal annealing is marginal. The study also indicates that the changes in conductivity are due to conformational changes in the polymer changes, induced by the applied electric field to the thin films at elevated temperature. The effect of structural changes in the thin films is also reflected in changes in absorption spectra of the thin films.
